Abstract Hsp90 is an abundant and highly conserved chaperone that functions at later stages of protein folding to maintain and regulate the activity of client proteins. Using a recently described in vitro system to fold a functional model kinase Chk1, we performed a side-by-side comparison of the Hsp90-dependent chaperoning of Chk1 to that of the progesterone receptor (PR) and show that these distinct types of clients have different chaperoning requirements. The less stable PR required more total chaperone protein(s) and p23, whereas Chk1 folding was critically dependent on Cdc37. When the 2 clients were reconstituted under identical conditions, each client folding was dose dependent for Hsp90 protein levels and was inhibited by geldanamycin. Using this tractable system, we found that Chk1 kinase folding was more effective if we used a type II Hsp40 cochaperone, whereas PR is chaperoned equally well with a type I or type II Hsp40. Additional dissection of Chk1-chaperone complexes and the resulting kinase activity suggests that kinase folding, like that previously shown for PR, is a dynamic, multistep process. Importantly, the cochaperones Hop and Cdc37 cooperate as the kinase transitions from immature Hsp70-to mature Hsp90-predominant complexes.
INTRODUCTION
Efficient folding of cellular proteins often requires the assistance of at least 1 family of molecular chaperones that function in complex, multiprotein machines (Hartl and Hayer-Hartl 2002) . The molecular chaperone Hsp90 plays a critical role in the folding, maturation, and stability of an expanding list of proteins needed for cellular homeostasis as well as cellular responses to external signals or stress (Young et al 2001) . Among these ''client'' proteins are the steroid receptors and many key regulatory kinases (Citri et al 2006) . The molecular mechanisms for Hsp90-dependent chaperoning have been extensively studied for the progesterone (PR) and glucocorticoid (GR) receptors (Pratt and Toft 1997; Wegele et al 2004; Zhao and Houry 2005; Picard 2006 ). This chaperoning depends on Hsp90's association with a number of cochaperones and is intimately associated with and dependent on the folding activity of Hsp70 and its cofactors. A purified system con-sisting of 5 proteins (ie, Hsp70, Hsp40, Hop, Hsp90, and p23) has been an invaluable complement to genetic and structural studies to give us a clearer understanding of chaperone function (Kosano et al 1998) .
Genome database studies suggest that about 1.7% of all human genes encode for protein kinases (Manning et al 2002) . These kinases mediate and control many cellular processes, including transcription, cell cycle progression, apoptosis, and differentiation. In every subgroup of the kinome is situated 1 or more central members that require the molecular chaperone Hsp90 for their function (Citri et al 2006) . Much of what we know about the folding of kinases has come from studies using yeast or cellular extracts. As a first step toward dissecting the steps involved in kinase folding, we recently described a purified system to reconstitute the activity of the checkpoint regulatory kinase Chk1 (Arlander et al 2006) . Chk1 is an Hsp90 client that regulates cellular checkpoints in response to DNA damage (Arlander et al 2003) , and inhibition of Hsp90 by the geldanamycin analog 17-AAG sensitizes cells to radiation-induced damage and cell cycle arrest. Unlike PR, which has a continuous need for chaperoning in the absence of hormone, Chk1 requires Hsp90 only during its synthesis and initial processing. The native Chk1 protein is independently stable (Arlander et al 2006) . The purified model system for chaperoning Chk1 uses the core Hsp70-Hop-Hsp90 complex to reconstitute an active kinase, but this system differs from the established PR system in several important ways. The cochaperone p23 is dispensable for chaperoning Chk1, and Chk1 reconstitution requires the addition of the cochaperone Cdc37 and its phosphorylation by casein kinase II (CK2). In addition, our initial studies suggested that Chk1 and PR differ in the amount of Hsp90 protein necessary for folding in vitro.
The ability to manipulate the in vitro system presented us with the opportunity to characterize, in more detail, key steps in Hsp90-dependent kinase folding. By altering the composition of chaperones in a head-to-head study of PR and Chk1, we tested whether the intrinsic stability of a client correlated with the amount of various chaperones needed to reconstitute its activity in vitro and whether the requirement for Hsp90 directly determined its sensitivity to the drug geldanamycin. We also documented the differences in Hsp40 requirements for PR and Chk1 folding. Order-of-addition and chaperone dropout experiments suggest that the chaperoning of kinase clients by Hsp90 shares an overall strategy previously shown for steroid receptors in that it is (1) dynamic, (2) a stepwise process, and one that (3) requires presentation of the kinase to Hsp90 after it has been chaperoned by Hsp70 and its cochaperone Hsp40. These data expand our knowledge of kinase folding and predict the requirement for intermediate steps in which both Cdc37 and Hop modulate Hsp90 chaperoning. We present a model to help understand these processes and focus future studies.
MATERIALS AND METHODS

Proteins and antibodies
All protein preparations used in these studies have been described previously. Chicken PR was expressed in Sf9 cells that had been coinfected with p23 expression virus (Cintron and Toft 2006) . Human Chk1 1-265 was expressed in Escherichia coli as a GST fusion (Arlander et al 2006) . The expression and purification of human Hsp90␤, Hop, Hsp70, Hsp40 (Ydj1, DJB1, DJA1), p23, and Cdc37 have been described previously (Kosano et al 1998; Hernandez et al 2002b; Arlander et al 2006) . Casein Kinase II (CK2) was obtained from Sigma (C-3460). The monoclonal antibodies PR22, BB70, and H9010 have been described previously (Sullivan et al 1986; Smith et al. 1993 ). Antibodies to DJB1 (SPA450, Stressgen) and Cdc37 (MA3-029, Affinity Bioreagents) were from commercial sources.
Chaperoning assays (in vitro reconstitutions)
PR from Sf9 cell lysate was immobilized using PR22 antibody bound to protein A-Sepharose and stripped of associated cellular proteins similar to what has been previously described (Cintron and Toft 2006) . Sf9 lysate (0.7 mL) was diluted into a final volume of 3.5 mL stripping buffer (20 mM Tris pH 7.4, 500 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol (DTT), 0.1% Triton X-100, 5 mM adenosine triphosphate [ATP] ) and incubated on ice for 30 minutes. PR22 resin, enough for 8-12 reactions, was added to the lysate, and the mixture was rocked in the cold and on ice for 1.5 hours. After a brief centrifugation (ϳ1 minute at 1000 ϫ g), a second round of stripping (30 minutes in 1 mL of buffer) was used to facilitate full dissociation of endogenous chaperones from the PR. The resinbound PR was washed 3 times with 1 mL of cold reaction buffer (see below) without detergent. Reconstitution was accomplished by the addition of purified chaperone proteins and ATP and incubation at 30ЊC as previously described (Kosano et al 1998) . Further details regarding the amount of proteins used are shown in Figure 1 . The reconstitution reaction mixtures were then placed on ice and incubated with [ 3 H]Progesterone for 1.5 hours. After washing with cold reaction buffer (20 mM Tris pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 0.01% Triton X-100), bound hormone was measured by scintillation counting a portion of each sample. Protein complexes of reconstituted PR were verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with Coomassie Blue.
Bacterially expressed GST-Chk1 1-265 was shown previously to reconstitute the same as full-length kinase (Arlander et al 2006) yet was more stable to storage and thus was utilized for all the Chk1 reconstitutions described here. GST-Chk1 1-265 was immobilized onto glutathioneagarose beads (Glutathione-Uniflow resin, Clontech) by incubating the protein and resin for 1 hour at 4ЊC in GST buffer (20 mM Tris pH 7.4, 0.27 M sucrose, 1% Triton X-100, 1 mM ethylenediamine tetraacetic acid, 1 mM ethylene glycol bis(2-aminoethyl ether)-N,N,NЈNЈ-tetraacetic acid (EGTA), 5 mM sodium pyrophosphate, 5 mM NaF, and freshly added 1 mM sodium orthovanadate, 20 mM ␤-glycerophosphate, and 0.1% 2-mercaptoethanol) plus 0.5 M NaCl with constant rotation. The resin-bound client was washed twice with the same buffer and 3 times with cold PR reaction buffer, without detergent, prior to use. After reconstitution with various chaperones and ATP, the resin-bound complexes were washed with cold wash buffer (GST buffer plus 1 M NaCl and 0.025% SDS) and then cold kinase buffer (50 mM Tris pH 7.4, 10 mM MgCl 2 , 1 mM DTT). Kinase activity was measured by incubation with Cdc25C substrate and [␥-32 P]ATP for 10 minutes at 30ЊC. The kinase reactions were stopped by the addition of SDS sample buffer. The final samples, containing Chk1, remaining chaperones, and substrate, were resolved by SDS-PAGE and transferred to Immobilon-P membrane. Membrane-bound radiolabeled substrate protein was detected and quantitated using a Storm 840 PhosphorImager. Fold increase in kinase activity was determined by dividing the activity of the reconstituted sample by the activity in the unchaperoned kinase sample. Bound chaperones were detected by sequential immunoblotting.
RESULTS
Hsp90 cochaperone differences for reconstituting the client proteins Chk1 (a model kinase) and PR (a model steroid receptor) Arlander and coworkers (2006) established that a mixture of Hsp90, Hop, Hsp70, Ydj1 (yeast Hsp40), Cdc37, and CK2 was sufficient to reconstitute Chk1 kinase activity to Chk1-GST bound to glutathione-agarose. Kinase activity, once restored by this mixture of chaperones, was stable to very stringent washing. This degree of stability to washing had not been our experience with PR reconstitution, which we routinely perform using higher amounts of Hsp90 and the addition of the cochaperone p23. We tested whether reconstituting PR using the newer conditions for Chk1 would better stabilize PR to stringent washing but found that PR was still quite labile (not shown). We then more rigorously tested whether the receptor and kinase model clients differed in their net requirements for chaperoning by asking how well each client could be reconstituted under the conditions developed for the other client. The reconstitutions were for 1 hour at 30ЊC, and thus the success of folding each client was tested as the chaperoning was near completion.
In Figure 1A , Chk1 reconstitution is shown for its control conditions (lane 3) or a number of conditions that approach PR-reconstituting conditions (lanes 4-9). The typical PR-reconstituting conditions that do not contain Cdc37 and CK2 were not effective for reconstituting Chk1 kinase activity (lane 5). The addition of Cdc37 and CK2 to this condition profoundly increased kinase reconstitution (lanes 6-9). Kinase reconstitution was unaffected by the addition of p23 to either Chk1 control conditions (lane 4) or PR conditions containing Cdc37/CK2 (lane 6, compared to 7). The standard conditions for Chk1 (1 g, lane 3) could be improved up to 2-fold by the use of 10 g Hsp90 protein (lanes 6 and 7 compared to lanes 8 and 9). In contrast, additional Hsp70, Hsp40, or Hop was not necessary (lanes 8 and 9 compared to lane 4).
In Figure 1B , PR reconstitution is shown under our ''5 protein'' PR control conditions (lane 3) or under Chk1-like reconstituting conditions (lanes 4-8). The addition of Cdc37 and CK2 had neither a positive nor a negative effect on PR reconstitution (lane 4). The typical Chk1 conditions were not sufficient to reconstitute PR hormone binding (lane 5). The addition of p23 to these conditions resulted in only a modest increase in PR activity (lane 6) unless more Hsp90 was also added (lane 8). These results reinforce the model that p23 is a cochaperone for Hsp90 and is particularly important for the chaperoning of steroid receptors (Grad et al 2006) . PR reconstitution was much better when the amounts of Hsp70, Hsp40, and Hop also were higher than what was needed to reconstitute Chk1 (lane 8 compared to lane 4).
Chk1 is an example of an Hsp90 client that requires Hsp90 but is not continually bound in cellular complexes with Hsp90 (Arlander et al 2006) . The data in Figure 1 suggested that the PR and Chk1 are differentially dependent on the level of Hsp90 protein. To test this further, each client was reconstituted with its optimal chaperone mixture but with various amounts of Hsp90 (Fig 2) . Using approximately the same amount of client protein (approximately 0.06 M dimer), 1 g of Hsp90 (0.06 M dimer) was sufficient to reconstitute 70% of maximal Chk1 activity, and maximum activity was achieved with 5 g (0.3 M) of Hsp90 (top panel). In slight contrast, 1 g of Hsp90 reconstituted only 40% of maximal PR activity, and 10 g of Hsp90 (0.6 M) were needed to achieve maximum hormone binding activity for PR. Since the data shown are from single-point experiments, we conclude that the Hsp90 requirements for the 2 clients are very similar. However, there are subtle differences that are reproducible among several experiments that suggest that Chk1 is more easily reconstituted than PR, particularly when the amount of Hsp90 is limiting. These observations may reflect differences in the stability of the 2 clients both in vitro and in the cell. For example, Hsp90 binding to the more labile steroid receptor requires additional stabilizations contributed by p23, which is also present in the cellular receptor complexes.
Geldanamycin sensitivity of client reconstitution
A standard test for determining whether a particular cellular protein is a client for Hsp90 is whether that protein is degraded in cells treated with the Hsp90 inhibitor geldanamycin (GA) (Neckers 2002; Zhang and Burrows 2004) . In addition, some clients may be degraded more readily than others Citri et al 2006) . One explanation for these differences might relate to the relative dependence of these clients on Hsp90 at 1 or more steps during their synthesis, folding, maintenance, and/ or activity. Alternatively, we wondered whether some inherent properties of various clients might dictate how readily they are degraded in GA-treated cells. The addition of GA to in vitro reconstitutions has been shown to mimic the effect on Hsp90 complexes in cells (Smith et al 1995) . Since we found that the addition of p23, Cdc37, and CK2 had only positive effects on the reconstitution of their specific type of client and no detrimental effects on the other client, we used the ability to reconstitute very different clients under identical conditions to address whether the type of client affected the sensitivity of chaperoning to GA. The results (Fig 3) show that Chk1 and PR reconstitutions were inhibited by GA very similarly (IC 50 s ϳ 0.6 M). GA (2 M) abolished Chk1 reconstitution completely and also produced the maximum amount of PR inhibition. This amount of drug was fairly stoichiometric to the 1.2 M amount of Hsp90 monomer used in the reactions. It is important to note that the signal-to-background ratios for the 2 assays differ markedly, There was also a level of PR hormone-binding activity that was resistant to inhibition by drug. Nonetheless, the data do not reveal any major differences in GA sensitivity of Hsp90-dependent folding that is attributable directly to the type of client. Thus, cellular differences in client sensitivity to GA likely reflect the direct dependence of that client on Hsp90.
Hsp70/Hsp40 machinery-type II Hsp40 is preferred for Chk1 reconstitution
Hsp40 recognition of client has been shown to be the first step in the folding of PR (Hernandez et al 2002a) . There are many types of Hsp40 cochaperones for Hsp70. Cintron and Toft (2006) recently showed that PR reconstitution is accomplished equally well in vitro using the yeast Ydj1 or either human Hsp40s DJB1 (previously referred to as HDJ1) or DJA1 (HDJ2), although the type I Hsp40 proteins Ydj1 and DJA1 bound into PR complexes more stably. We tested whether Chk1 reconstitution showed a preference for any of these Hsp40 proteins. The data in Figure 4 show that an Hsp40 protein was essential for kinase reconstitution (panel A, lane 1). The type II Hsp40 DJB1 promoted the reconstitution of the most kinase activity (lane 2), and this was correlated with better binding of Hsp90 (Fig 4B) . Ydj1, the Hsp40 used in our previous studies, also functioned well to reconstitute Chk1 activity (lane 4). In contrast, DJA1 functioned poorly in Chk1 reconstitution (lane 2), and its presence failed to lead to stable Hsp90 binding (panel B). DJA1 was also less active in recruiting Hsp70 to the kinase client. The same pattern of Hsp40 preference was obtained when various amounts of protein were tested (panel C). These results reveal another difference in chaperoning requirements between PR and Chk1 and suggest that the client itself influences the type of Hsp40 used for folding and perhaps alters the way Hsp70 and its Hsp40 cochaperone interact.
Hop functions to transit the client from Hsp70 to Hsp90
Our in vitro data continue to support a model that Hsp70 and Hsp90 folding machines work together to fold both kinase and steroid receptor clients and that these machines are bridged by the cochaperone Hop. To test the requirement for Hop further, we examined Chk1 reconstitution with time in the presence or absence of Hop. The data in Figure 5 show not only that reconstitution of kinase activity was time dependent but also that the amount of functional kinase was greater and occurred much more quickly if Hop was present in the reaction (panel A, dark gray bars compared to light gray bars).
The presence of Hop also resulted in an ability to detect Hsp90 at earlier times during reconstitution (see blot). When Hop was absent from the reaction, Cdc37 only partially compensated to fold the client (panel B, compare lanes 6 and 2). The addition of more Cdc37 protein did not support a further gain in kinase reconstitution (panel B, lanes 4, 5, 7, 8) . Thus, the actions of these cochaperones do not overlap, and both seem to function to transition the kinase client from Hsp70 to Hsp90 during intermediate steps of folding.
Chk1 folding through a dynamic, stepwise series of chaperone complexes
The data from Figure 4 showed that Hsp70/Hsp40 interaction with client, in turn, affected client binding and chaperoning by Hsp90. Data from Arlander et al (2006) showed that, in addition to Hsp70, Cdc37 also bound to the kinase client at early times. Now that we established that p23 did not contribute to kinase folding and that DJB1 was a better Hsp40 to use, we set out to better un- derstand how Chk1 progresses through early and late complexes. We first tried to preform Hsp70-and/or Cdc37-Chk1 complexes, remove any unbound protein, and complete the reconstitution by the addition of the other chaperones. The data in Figure 6 (bottom panel) show that the continued presence of all the chaperones was required to achieve the folding of a functional kinase (lanes 8, 9). In separate experiments we found that Chk1 does not lose its potential for chaperoning by the first incubation. That is, when Chk1 was incubated alone or with an incomplete chaperone mixture, it could be successfully reconstituted by a complete chaperone mixture in a second incubation (not shown). Figure 6 (top panel) also shows the pattern of protein binding. Prebound Cdc37 (lane 2) or prebound Hsp70 (lane 4 or 6) was stable to washing but was not sufficient to support kinase reconstitution when the remaining chaperones were added later (lanes 3, 5, 7). Prebound Cdc37 (lane 2) was displaced only by Hsp70 when Hsp70 and the other chaperones were added (lane 3). In contrast, prebound Hsp70 enabled the later recruitment of intermediate complexes containing Hop, Cdc37, and some Hsp90 (lanes 4, 5). Also, Hsp70 competed with Cdc37 for Chk1 binding, when added at the same time, to form an early complex (lane 6 vs lane 2) to which Hop and Hsp90 could later bind (lane 7). These data suggest that initial recognition of kinase client by Hsp70 is necessary to initiate folding steps that enable the client to bind and mature through additional chaperoning steps involving Hop, Cdc37, and Hsp90. And yet, without the continued presence of Hsp70, these client-chaperone complexes do not mature to the point of reconstituting an active client. Thus, each client-chaperone interaction is likely to be reiterative, and many intermediate steps may occur before the kinase folds appropriately to be functional.
The data in Figure 6 supported the hypothesis that These data are consistent with data in Figure 6 and reemphasize the idea that initial folding steps carried out by Hsp70 are necessary for later, Hsp90-mediated steps to occur. A small amount of Hsp90 binding and kinase activity was achieved in the absence of Hop, but these were significantly less than when Hop was present (as also shown in Fig 5) . Similarly, Cdc37 binding was decreased by the absence of any 1 of the other chaperones. Thus, even though Cdc37 can bind Chk1 on its own (Fig  6) , its interaction with client is more productive when Hop and Hsp70 are also present. In contrast, Hsp70 binding was detected in the absence of Hop, Cdc37, CK2, or Hsp90 (lanes 6-9) but not in the absence of DJB1 (lane 4). DJB1 binding was strongest in the absence of Hsp70 (lane 5). These data are consistent with Hsp40 being the first chaperone to recognize the client, followed by Hsp70 (whose binding is stabilized by Hsp40). Cdc37 and Hsp90 bind later and appear to be interdependent. Hop was difficult to detect in Chk1 complexes unless we used less stringent washing conditions (not shown) that tended to increase nonspecific binding. But since the absence of Hop decreased stable Cdc37 and Hsp90 binding, it is likely that Hop functions to organize Hsp70 and Hsp90 transiently into intermediate complexes that enable the formation of more stable mature kinase-Cdc37-Hsp90 complexes.
DISCUSSION
The molecular details for how chaperones and cochaperones function to fold client proteins are still emerging. Many of the existing models are based on structural studies of a subset of chaperones (usually protein fragments) or studies in cells and crude cellular extracts. In order to experimentally dissect the functions of molecular chaperones, we have focused on developing and refining our ability to reconstitute active clients in vitro with purified chaperones. In this study we have shown that the reconstitution of a model kinase client, Chk1, progresses in a stepwise manner from early chaperoning by Hsp70 and its cochaperone Hsp40 toward a more matured chaperone complex containing Hsp90 and Cdc37. This reconstitution can be accomplished using somewhat lower protein concentrations than our model system for steroid receptor reconstitution and does not utilize the cochaperone p23. The observation that PR is a less stable client explains why it requires constant chaperoning in the cell and in vitro, with the inclusion of more total chaperone proteins, more Hsp90, and the addition of p23.
With the exception of studies with the heme-regulated inhibitor (HRI) kinase in reticulocyte lysate (Uma et al 1999; Thulasiraman et al 2002) , the importance of the Hsp70 chaperone machinery for the folding of kinase clients is generally underappreciated in the literature. Not only have our studies with Chk1 shown that Hsp70 is a necessary early step in kinase folding, but our testing of different Hsp40 cochaperones suggests that the initial recognition of client by Hsp40 governs how effectively the client is matured toward later steps in which Hsp90 binds. In contrast to our in vitro studies with a steroid receptor (PR), which can be chaperoned with a number of Hsp40 family members, in vitro chaperoning of Chk1 was better accomplished with the type II molecule DJB1. The reasons for this preference need to be explored in future studies. For example, we do not know whether the recombinant nature or method of purification of our Chk1 somehow influenced which type of Hsp40 recognized it best. Our source of steroid receptor is immunopurified PR expressed in Sf9 cells and stripped of endogenous chaperones with high salt and ATP. If kept cold, this PR is still active but quickly loses the ability to bind hormone when placed at 30ЊC. Thus, this PR is likely to be very near its native state when used for in vitro reconstitution. Our source of Chk1 is as a GST fusion protein expressed in E coli and purified under standard affinity conditions. This purified Chk1 is not associated with host chaperone proteins and has no activity. Thus, it could be that the physical natures of the 2 clients are different enough to be recognized preferentially by different Hsp40s. However, our results are similar to studies of the reverse transcriptase of hepatitis B virus, an Hsp90 client having some resemblance to protein kinases. That client was also shown to be chaperoned in vitro using DJB1 rather than Ydj1 or DJA1 (Hu et al 2004) . As the many types of Hsp40 proteins become better characterized, it will be important to test whether these different types of clients are affected preferentially by different Hsp40s in the cell.
Reconstitution experiments in reticulocyte lysates have been an important complement to genetic studies in yeast showing the importance of Hsp40 (Ydj1) and Hop (Sti1) in client function (Hartson et al 2000; Lee et al 2004) . However, recent investigations of kinase chaperoning and crystallographic-based modeling focus most of their attention on Hsp90 and Cdc37. Those studies were no doubt fueled by the novelty of Cdc37 as a kinase-specific cochaperone for Hsp90 (Stepanova et al 1996; Hunter and Poon 1997) . The putative role of kinases in cancer etiology has greatly enhanced scientific interest in the once socalled housekeeping chaperones. Indeed, the discovery that the kinase inhibitor geldanamycin was actually an inhibitor of Hsp90 put Hsp90 in the center of a number of cell signaling pathways and thus a possible target for drug discovery for new cancer therapies (Neckers 2002; Pearl 2005; Chiosis et al 2006) .
The data in Figures 5 and 7 indicate that Hop, usually discussed in the context of steroid receptor chaperoning, is also very important for chaperoning kinases. Both Hop and Cdc37 inhibit Hsp90 adenosine triphosphatase activity (Siligardi et al 2002) , and it was presumed from those data that Hop and Cdc37 would function in parallel ways to aid Hsp90 chaperoning for either a steroid receptor (in the case of Hop) or a kinase client (in the case of Cdc37). Genetic studies have shown that overexpression of Cdc37 compensates for the decrease in v-Src or Ste11 kinase activities in yeast lacking Hop (⌬sti1; Lee et al 2004) . We still lack some technical tools to further dissect the details of how Hop and Cdc37 function during kinase folding. However, our data suggest a cooperative model for these cochaperones, consistent with other biochemical evidence of Sti1-Cdc37 complexes in yeast or reticulocyte lysates (Hartson et al 2000; Abbas-Terki et al 2002) .
A crystallography-and microscopy-based model for Hsp90 in complex with Cdc37 and the kinase Cdk4 has recently been described (Vaughan et al. 2006) . It is tempting to speculate how this model might accommodate both Hop and Cdc37. Hop binds to the carboxy terminal MEEVD of Hsp90, which is either in its ''apo'' or its adenosine 5Ј-diphosphate (ADP) conformation (Johnson et al 1998; Brinker et al 2002) . Cdc37 binds to exposed surfaces in the amino terminal (N) and middle (M) domains of the opened Hsp90 ''clamp'' (Roe et al 2004) . The structure described by Vaughan and colleagues contained a dimer of Hsp90 in which 1 Hsp90 molecule was held in the ''open'' conformation and bound to 1 molecule of Cdc37. The other molecule of Hsp90 was in the ''closed,'' ATP-bound conformation and associated with the client Cdk4. The complexes were isolated by a multistep fractionation of cellular lysates. It was not determined whether the Cdk4 kinase in the published structure was active. Thus, it is possible that the published structure represents an inactive client-chaperone complex or a more stable complex derived from a previous Cdk4-Cdc37-HopHsp90 complex that was lost during cell fractionation. If the Cdk4 had been active, our data would suggest that cellular Hsp70 played a critical role in folding that client as well. Clearly, we do not yet understand the dynamic interactions that occur during kinase folding. Nonetheless, the mature kinase complex requires a Cdc37-dependent binding of Hsp90, and full kinase activity is not acquired until Hsp70 and Hop are less abundant in the complex, as is also the case with steroid receptors (Pratt and Toft 2003) .
Our data raise additional questions regarding the timing of Cdc37 phosphorylation during kinase chaperoning. For instance, some binding of Cdc37 to Chk1 was detected when CK2 was left out of the reconstitution mixture (Fig 7) , and a low amount of Cdc37 binding to Chk1 was also observed in the absence of Hsp40 or Hsp70 or Hop. The absence of Hsp90 from the reconstitution eliminated that level of Cdc37 binding. These results might indicate that Cdc37 binds Chk1 after Hsp90 binds to the client. But such an explanation is inconsistent with time course experiments published previously (Arlander et al 2006) . An alternative explanation may be that initial binding of Cdc37 is relatively weak. Hsp90, along with Hsp70 and Hop, might serve to mature the client-Cdc37 complex to one that is more stable, perhaps by fostering the phosphorylation of Cdc37. In our hands, Cdc37 will bind GSTChk1 in the absence of other proteins and CK2 (not shown). It may be that phosphorylated Cdc37 is most critical when it is functioning in the presence of the other chaperones and thus under circumstances in which several reiterative binding events are required before stable association is achieved. Only then can the client-chaperone complex and the active kinase itself withstand the experimental washing conditions we employ or withstand the conditions used by others to isolate and determine the physical structure of Cdk4-Cdc37-Hsp90 complex (Vaughan et al 2006) . This rationale is in line with data of the folding of Lck in cellular lysates during which the client passes through a salt-stable intermediary complex with Hsp90 and Cdc37 (Hartson et al 2000) . Figure 8 incorporates the data from the experiments above and attempts to integrate them into models for the folding of both steroid receptor and kinase clients. Both Hsp90-dependent pathways for client folding are initiated by events chaperoned by Hsp70 and Hsp40. In the case of steroid receptors, the Hsp40 of choice appears to be a type I Hsp40 (DJA1 or Ydj1). The type II Hsp40 (ie, DJB1) is clearly preferred for chaperoning the model kinase Chk1. The early chaperoning of clients by Hsp70 then progresses through 1 or more intermediate complexes that contain Hop. Cdc37 is also a critical component of these intermediate complexes in the case of kinase clients. Cdc37 needs to be phosphorylated by CK2 in order to chaperone the kinase client, and we show this to be a relatively early step for kinase folding. As the receptor matures through its interactions with Hsp70/Hsp40/ Hop and as the kinase matures through its interactions with Hsp70/Hsp40/Hop/Cdc37, Hsp90 is recruited to The cochaperone p23 is required to establish and maintain a mature steroid receptor complex capable of binding hormone. On the other hand, kinases mature through complexes that contain Cdc37 and Hsp90, and the requirement for p23 is less clear. Some matured kinases continue to be bound in Hsp90/Cdc37 complexes, whereas others, such as the full-length Chk1, are released from the chaperones.
these clients. The less stable PR client requires additional chaperoning by p23, which further stabilizes Hsp90 binding. This mature complex keeps the receptor in a conformation that is readily able to bind hormone. The role of p23 in kinase chaperoning is less clear. p23 has little influence on the in vitro chaperoning of Chk1; however, this may or may not be the case for all kinases or in cells. Functional or physical interactions of p23 have been shown with several protein kinases, including v-Src (Fang et al 1998) , HRI (Xu et al 1997) , Fes (Nair et al 1996) , and Wee1/Cdc2 (Munoz et al 1999) .
Based on their different needs for chaperoning in the cell, kinase clients seem to fall into at least 2 categories. Kinases such as ERB2, Akt, IKK, and Raf can be isolated from cells still bound-and supposedly maintained-in a complex with Hsp90 and Cdc37 (Schulte et al 1995; Chen et al 2002; Solit et al 2003; Xu et al 2007) . The kinases Lck and Chk1 are more difficult to detect in cellular Hsp90 complexes. Reconstitution experiments using rabbit reticulocyte lysate showed that immature complexes of HRI or Lck contain Hsp90 and Cdc37 but that the kinase then matures to a form that no longer requires Hsp90 (Hartson et al 2000; Shao et al 2001) . Chk1 (1-265 as well as full length) also requires Hsp90 and Cdc37 for folding in vitro. The full-length kinase is released in a conformation that no longer requires constant chaperoning (Arlander et al 2006) . These findings explain why Chk1 and some other Hsp90 clients that are degraded in cells treated with the Hsp90 inhibitor 17-AAG are difficult to isolate bound to Hsp90 in lysates from untreated cells.
In conclusion, we now have 2 very powerful in vitro systems with which to study molecular chaperone function. Future refinements in techniques will, it is hoped, allow us to uncover more details of chaperone-chaperone and client-chaperone interactions and to analyze the in vitro activities of many additional cochaperones that are known to participate in these processes in the cell.
